Background: Antiretroviral drug discovery and formulation design will facilitate viral clearance in infectious reservoirs. Although progress has been realized for selected hydrophobic integrase and nonnucleoside reverse transcriptase inhibitors, limited success has been seen to date with hydrophilic nucleosides. To overcome these limitations, hydrophobic long-acting drug nanoparticles were created for the commonly used nucleoside reverse transcriptase inhibitor, lamivudine (29,39-dideoxy-39-thiacytidine, 3TC).
INTRODUCTION
Long-acting nanomedicines introduced into antiretroviral therapeutic regimens have impacted the treatment of HIV infection. 1 Nanoformulated antiretroviral therapy (nano-ART) can improve patient adherence, decrease toxicities, and sustain viral suppression. [2] [3] [4] [5] However, a challenge to bring nanoART to the forefront of antiretroviral therapy rests in how best to nanoformulate a broad range drugs that affect dosing intervals. This is highlighted by rapid drug clearance, low intracellular absorption, and suboptimal biodistribution. Toxicities that reduce clinical effectiveness support a need for improved drug delivery, optimization, and encapsulation for long-term treatment strategies and inevitable eradication. [6] [7] [8] [9] Nucleoside reverse transcriptase inhibitors are the backbone of combination ART. [10] [11] [12] Lamivudine (3TC) inhibits the transcription of HIV viral RNA to DNA by competing with cytidine for incorporation into viral DNA catalyzed by the viral reverse transcriptase enzyme, resulting in DNA chain termination after incorporation of the 3TC phosphorylated anabolite in place of endogenous cytidine triphosphate and plays an important role in ART regimens. 13 3TC has potent antiviral effects on HIV-1 and -2 and hepatitis-B virus. [14] [15] [16] [17] However, the drug is ,36% protein bound and with a half-life of 5-7 hours and rapid renal elimination is cataloged as a short-acting drug. 18 One means to extend the half-life of 3TC is by creating a hydrophobic prodrug. N-myristoyltransferase (NMT) affects myristoylation of proteins observed during the HIV life cycle. [19] [20] [21] [22] [23] Fatty acid analogs of myristic acid can inhibit NMT and can be used to convert a hydrophilic 3TC into a hydrophobic drug. [24] [25] [26] In particular, Agarwal et al were the first to demonstrate that myristoylated conjugates of nucleoside reverse transcriptase inhibitors that included 3TC could elicit significantly higher antiretroviral potency against the virus when compared to native drugs. Also, the scientific team showed that cellular uptake of the drug was improved markedly and secured intracellular hydrolysis after treatment. 19, 20 With this in mind, myristoylated 3TC (M3TC) was synthesized and then formulated into nanosuspensions. Folic acid (FA), which binds folate receptor expressed on activated macrophages, was attached to drug nanoparticles to facilitate cellular drug uptake and carriage. 27, 28 Such modifications facilitated drug retention in monocyte-macrophages. 29 M3TC nanoformulations with folate as a targeting ligand improved its antiretroviral efficacy and pharmacokinetic (PK) behavior. The formulation of a 3TC prodrug to create a novel long-term antiretroviral therapy has potential clinical impact.
METHODS

Reagents and Antibodies
3TC was a generous gift from GlaxoSmithKline Inc. (Research Triangle Park, NC). Poloxamer 407 (P407) and CF488-succinimidyl ester (CF488) were purchased from Sigma-Aldrich (St. Louis, MO). Sephadex LH-20 was from GE Healthcare (Piscataway, NJ). Pooled human serum was purchased from Innovative Biologics (Herndon, VA). Macrophage colony-stimulating factor was prepared from 5/9 m alpha3-18 cells (ATCC; CRL-10154) as previously described. 30 Rabbit anti-human antibodies to Rab5, Rab7, Rab11, and Rab14 and Alexa Fluor 568 goat anti-rabbit IgG were purchased from Santa Cruz Biotechnology (Dallas, TX).
Nanoformulated M3TC Manufacture and Characterization
A hydrophobically modified 3TC derivative (designated M3TC) was synthesized according to the scheme illustrated in Figure 1 and described in the Supplemental Digital Content, 31 http://links.lww.com/QAI/A900. M3TC nanoparticles were formulated by high-pressure homogenization (Avestin EmulsiFlex-C3; Avestin Inc., Ottawa, ON, Canada), using P407 and folate-decorated P407 (FA-P407) to encase the drug crystals. The FA-P407 polymer was synthesized as previously described. 29 Nontargeted M3TC formulation (NM3TC) and targeted M3TC formulation (FA-NM3TC) were characterized as previously described. 32, 33 Preparation of Dye-Labeled Nanoformulated M3TC
CF488 conjugated P407 was synthesized as previously described. 29 For preparation of CF488-labeled NM3TC, CF488-P407 and P407 were dissolved in methanol at a weight ratio of 1:4. The solvent was evaporated, and the mixture was resuspended with 10 mM HEPES to yield a 0.5% surfactant solution. M3TC was added at a 1% weight ratio and used to prepare CF488-labeled NM3TC nanoformulations.
NM3TC Particle Drug Release
To determine particle drug release, 100 mmol NM3TC or FA-NM3TC particles were dispersed in 4 mL of phosphate-buffered saline (PBS) and placed into a 10-kDa dialysis tube in 2 L of PBS with stirring at 37°C. At 0.5, 1, 2, 4, 8, and 12 hours and 1, 2, 3, 5, 7, 9, and 12 days, 100 mL of the suspension was collected from the dialysis tube and dissolved in 900 mL methanol. 34 M3TC in the aliquot was quantitated by high-performance liquid chromatography.
NM3TC Particle Cell Uptake
Human monocytes were obtained by leukapheresis from HIV-1 and -2 and hepatitis-B-seronegative donors and then purified by countercurrent centrifugal elutriation. 35 Human monocytes were plated in a 12-well plate at a density of 1.5 · 10 6 cells per well. After 7 days of differentiation, monocytederived macrophages (MDM) were treated with 100 mM NM3TC. Uptake of NM3TC was assessed by measures of cell drug concentration without medium changes for 8 hours. Adherent MDM were scraped into PBS at 1, 2, 4, and 8 hours after treatment. Cells were pelleted by centrifugation at 1000g for 8 minutes at 4°C. Cell pellets were briefly sonicated in 200 mL of methanol and centrifuged at 20,000g for 10 minutes at 4°C
. Drug content was determined by reversed phase highperformance liquid chromatography with UV/Vis detection at 272 nm. Cell extracts were separated on a Phenomenex Synergi 4 mm Hydro-RP column (150 · 4.6 mm) using 20% 5.0 mM Na 2 HPO 4 /80% acetonitrile pumped at 1.0 mL/min. Drug content was quantitated by comparison of peak area to those of known standards (0.04-200 mg/mL in methanol).
Antiretroviral Responses
Antiretroviral efficacy was determined by measurements of HIV reverse transcriptase (RT) activity. MDM were treated with 100 mM 3TC, M3TC, or NM3TC for 4 hours. After treatment, cells were washed 3 times with PBS and cultivated with fresh medium. At 0, 5, 10, and 15 days after treatment, cells were challenged with HIV-1 ADA at a multiplicity of infection of 0.1 infectious particles per cell. After viral infection, the cells were cultured for another 7 days with half-medium exchanges every other day. Culture fluids were collected on day 7 for the measurement of RT activity as previously described. 36 
Immunocytochemistry and Confocal Microscopy
For immunofluorescence staining, cells were washed 3 times with PBS and fixed with 4% paraformaldehyde at room temperature for 30 minutes. The cells were treated with blocking/permeabilizing solution (0.1% Triton, 5% BSA in PBS) and quenched with 50 mM NH 4 Cl for 15 minutes. The cells were washed once with 0.1% Triton in PBS and sequentially incubated with primary and secondary antibodies at room temperature. Slides were covered in a ProLong Gold AntiFade reagent with DAPI (49,6-diamidino-2-phenylindole) and imaged using a ·63 oil objective on an LSM 510 confocal microscope (Carl Zeiss Microimaging, Inc., Dublin, CA). 37 Zeiss LSM 510 Image browser AIM software version 4.2 was used to determine the number of pixels and the mean intensity of each channel. 32 temperature. The fixed cells were blocked with 10% BSA in PBS containing 1% Triton X-100 for 30 minutes at room temperature and incubated with mouse monoclonal antibodies to HIV-1 p24 (1:100; Dako, Carpinteria, CA) for 3 hours at room temperature. Immunostaining was performed as described previously. 32, 38 
Pharmacokinetic Profiles
Male Balb/cJ mice (Jackson Labs, Bar Harbor, ME) were maintained on a folate-deficient diet (Harlan Teklad TD.00434; Harlan Laboratories, Inc., Indianapolis, IN) beginning 2 weeks before drug administration. Mice were injected with native 3TC, M3TC, NM3TC, or FA-NM3TC (equivalent to 50 mg 3TC/kg) intramuscularly (IM) in a volume of 50 mL/ 25 g mouse. For injections, 3TC was dissolved in PBS, M3TC was suspended in a mixture of ethanol-Cremophor ELpropylene glycol-PBS (43-5-20-32 , vol/vol), NM3TC and FA-NM3TC were diluted with 10 mM HEPES to 47 mg M3TC/mL. Around 50 mL blood was collected by cheek bleeding at 8 hours, and 1, 3, 5, 7, 10, and 14 days after drug administration. Plasma and tissue preparation and ultra performance liquid chromatography tandem mass spectrometry (UPLC-MS/MS) analysis are described in the Supplemental Digital Content, http://links.lww.com/QAI/A900.
Statistics
Data were analyzed by one-way analysis of variance and Tukey multiple-comparison test using GraphPad Prism (GraphPad Software, Inc., La Jolla, CA). The cell-based experiments were replicated 3 times and animal experiments were replicated 3 times. Animal treatment groups contained a minimum of 5 animals per group (n = 5). No outliers from animal or cell experiments were excluded. Differences were considered significant at a P-value of ,0.05.
RESULTS
Characterization of Chemically Modified 3TC
M3TC was synthesized successfully as supported by the 1 H-NMR and Fourier transform infrared spectroscopy spectra in Figure 1B , C. In the 1 H-NMR spectrum, chemical shifts of 0.9 and 1.3 ppm represented the 1°(RCH 3 ) and 2°( R 2 CH 2 ) aliphatic protons derived from the fatty acid chain. The protons connected to the ester (-H 2 C-COOR) contributed to the peak at 2.4 ppm. In the Fourier transform infrared spectroscopy spectrum, the wavenumbers of 2917 and 2850 cm 21 were attributed to the C-H stretch, which belonged to the alkyl derivative derived from the fatty acid chain conjugated to the native 3TC; the wavenumber of 1692 cm 21 was attributed to the C=O stretch from the ester bond. The solubility of the hydrophobic M3TC was determined to be 100 mg/mL in water, compared to 70 mg/mL for 3TC.
Characterization of NM3TC
The nanoformulations were manufactured by highpressure homogenization. Particle size, charge, and polydispersity index (PDI) for all formulations were determined by dynamic light scattering. A schematic of the targeted M3TC particles is illustrated in Figure 1D , and the physicochemical characteristics of different formulations are summarized in Figure 2A . For FA-NM3TC, a 40% FA-P407/60% P407 polymer solution was used to formulate the M3TC. As seen in Figure 2A , the hydrodynamic diameter of FA-NM3TC was 433 6 23 nm (PDI = 0.25) and is only slightly larger than that of NM3TC (375 6 21 nm, PDI = 0.21). The zeta potential of FA-NM3TC was similar to that of NM3TC. High drug loading (75.0% for NM3TC and 76.9% for FA-NM3TC) and encapsulation efficiency (96.3% for NM3TC, 98.4% for FA-NM3TC) were observed for both formulations.
NM3TC Particle Drug Release
The release of drug from NM3TC and FA-NM3TC nanoformulations is illustrated in Figure 2B . There was no significant burst release during the first 2 hours. After 8 hours, M3TC release reached 67.1% and 27.3% for NM3TC and FA-NM3TC, respectively. Sustained M3TC release was seen over 5 days. The cumulative M3TC release reached 70.0% on day 3 and 94.8% on day 12 for NM3TC, and 76.4% on day 3 and 96.7% on day 12 for FA-NM3TC.
Macrophage Uptake
As shown in Figure 2C , the uptake of both NM3TC and FA-NM3TC increased over time to reach a maximum at 2 hours. At 2 hours, the cell drug concentration was 24.9 mg/10 6 cells for FA-NM3TC, which was more than 2-fold greater than that of NM3TC (10.4 mg/10 6 cells). After 2 hours, cell drug levels began to decrease, and drug levels for NM3TC and FA-NM3TC at 8 hours were 2.1 and 2.8 mg/10 6 cells, respectively.
Antiretroviral Activities of Nanoformulated M3TC
To assess the antiretroviral activity of NM3TC and FA-NM3TC, HIV RT activity was determined in HIV-1-infected culture medium from MDM pretreated with 3TC, NM3TC or FA-NM3TC at 0, 5, 10, or 15 days before infection. Significant differences were observed between cells treated with native 3TC or either M3TC nanoformulation. For native 3TC treated cells, RT activity was suppressed only in the day 0 group. In contrast, for nanoformulation-treated groups, sustained antiretroviral activities were observed. The RT activities were suppressed to ,25% during the first 10 days. At day 15, the RT activities for NM3TC and FA-NM3TC were 59.8% and 68.5%, respectively, compared with 110.0% for the native 3TC group. Significant differences were observed between NM3TC and FA-NM3TC during the first 10 days (P , 0.05), and FA-NM3TC showed greater antiretroviral activity compared with NM3TC; however, the difference was not significant at day 15 (Fig. 3A) . These results were confirmed by HIV-1 p24 staining (Fig. 3B ). NM3TC and FA-NM3TC showed greater antiretroviral activity compared with native 3TC, and much less p24 staining was observed in these 2 groups. FA-NM3TC showed greater suppression of viral replication especially in the first 10 days, when little to no HIV-1 p24 antigen was detected in MDM treated with FA-NM3TC.
Immunocytochemistry and Confocal Microscopy
To assess subcellular behavior of the nanoformulated M3TC, fluorescently labeled nanoparticles were used to visualize colocalization of endolysosomal proteins and NM3TC. CF488-labeled NM3TC was prepared and Rab5, 7, 11, and 14 were selected as target endolysosomal proteins. NM3TC distributed in a punctate pattern throughout the cytoplasm and perinuclear cell regions (Figure 4) . NM3TC was found predominantly in late (Rab7) and recycling (Rab11 and 14) endosomes, and this immunofluorescence colocalization demonstrated that NM3TC was taken into and stored in macrophages through the endolysosomal pathways. Our previous studies have demonstrated that the HIV reservoir exists mainly in late and recycling endosomes, and HIV-1 and nanoformulations deregulated cellular proteins in an opposing manner, 33 supporting the idea of subcellular-targeted nanoparticles for long-acting antiretroviral therapy.
Pharmacokinetic Profiles
Balb/cJ mice were administered 3TC, M3TC, NM3TC, FA-NM3TC (equivalent to 50 mg 3TC/kg in PBS) to determine their PK profiles according to the scheme shown in Figure 5A . Plasma 3TC concentrations after treatment were analyzed by UPLC-MS/MS and data are presented in Figure 5B , C. At all time points, M3TC plasma concentrations were lower than the detection limit. M3TC is unstable in plasma and converts to 3TC completely within a few minutes after spiking. Higher and more sustained 3TC levels were observed in both nanoformulation-treated groups compared to native or prodrug treatment and plasma drug levels were maintained over 10 days for both nanoformulations. At day 1, no 3TC could be detected in plasma from the native 3TC-treated group; whereas 3TC plasma levels in the M3TC, NM3TC, and FA-NM3TC groups were 58.7 6 6.9, 349.2 6 12.5, and 383.2 6 13.8 ng/mL, respectively. At day 3, less than 0.7 ng/mL 3TC was detected in plasma from the M3TC-treated group, whereas plasma drug levels for NM3TC and FA-NM3TC groups were 131.3 6 18.1 and 151.6 6 23.2 ng/mL, respectively. Compared with NM3TC, FA-NM3TC showed prolonged drug release and plasma drug levels were more than 2-fold higher than those of NM3TC from day 5 to day 14. At day 14, the plasma 3TC level for FA-NM3TC was 22.7 6 12.5 ng/mL, whereas that for NM3TC was at or below the limit of quantitation (,0.7 ng/ mL). Tissue 3TC levels at 14 days are shown in Figure 5D . Drug levels in liver, spleen and lymph nodes were approximately 2-fold higher after FA-NM3TC treatment than NM3TC treatment (25-40 ng/g versus 5-15 ng/g, respectively). No drug was detected in tissues from 3TC-or M3TC-treated animals.
DISCUSSION
In this study, we describe the synthesis of a long-acting hydrophobic 3TC prodrug and its subsequent nanoformulation. This was designed to improve its clinical bioavailability. Myristic acid was used to synthesize a hydrophobic drug. The 14-carbon alkyl chain significantly decreased the water solubility of native 3TC and improved the drug-protein and replicates. The differences between 3TC and NM3TC or FA-NM3TC at days 5, 10, and 15 are significant (P , 0.05). Thedrug-membrane interactions when in the systemic circulation. The modified myristoylated 3TC was produced as a single compound and made through an orthogonal protecting group strategy. This was performed to ensure that only the hydroxyl functional group was derivatized. The ester bond used for fatty acid conjugation did not affect the antiretroviral efficacy of the prodrug because the ester bond could be hydrolyzed in the presence of intracellular esterases, including lysosomal acid lipase, phospholipase, acetylhydrolase, nucleases, and lipoprotein lipase, which are localized mainly in lysosomes. Although speculative, the enzymes are well known to catalyze the breakdown of acyl groups and hydrolyze compounds taken into lysosomes. In our study, the hydrophobic M3TC presumably diffused through the cell membrane into different cell compartments. The prodrug was transported into lysosomes, degraded by the esterases, and released the native 3TC to provide antiretroviral activity. Myristic acid formed during the conversion of prodrug into its active form can also contribute to the observed antiretroviral effect. Indeed, it has been reported that NMT is a crucial enzyme involved in catalyzing the myristoylation of capsid proteins p17, Pr160 gag-pol , and Pr55 gag , which are involved in the life cycle of HIV-1. 21 Myristic acid has been shown to inhibit NMT. [39] [40] [41] HIV-1 replication could, consequently, be inhibited by the myristoylated 3TC. Interestingly, M3TC particles exhibited antiretroviral efficacy comparable to that of native 3TC as demonstrated by the day 0 RT results, which indicates that the myristoylation did not alter the antiretroviral efficacy of native 3TC. Neither M3TC nor 3TC were cytotoxic at the concentration used as evaluated both by trypan blue exclusion and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide tests (data not shown). At high concentrations, myristoylated 3TC demonstrated reduced cytotoxicity compared with native 3TC which could be attributed to the enhanced drug hydrophobicity. Although intracellular 3TC-triphosphate formation was not measured, the potent antiretroviral responses support such events had taken place.
Nanocrystals are useful as drug delivery carriers because of their high drug-loading capacity, improved stability, and bioavailability. 42, 43 Nanocrystals can be coated with surfactant for enhanced cellular uptake and sustained cellular maintenance for long-acting efficacy. For drugs with a short half-life, such as 3TC, the therapeutic efficacy is limited and therefore nanocrystals are ideal platforms for increasing drug retention and improving systemic circulation.
P407 was used as a coating surfactant to prepare stable nanosuspensions and realize long-term drug release. Both FA-targeted and nontargeted M3TC nanoparticles were prepared with particle sizes of 350-430 nm and favorable PDI.
The FA-NM3TC nanoparticles exhibited better uptake by macrophages, especially during the first 2 hours. These particles would be expected to be taken up through both phagocytosis and receptor-mediated endocytosis. Folate derivatives are internalized mainly through the reduced folate carrier and the folate receptor (FR), which has a high affinity for FA. 44 There are several isoforms of FR including FR-a and FR-b, which are glycosylphosphatidylinositol-anchored protein receptors. We have demonstrated in previous studies that FA-coated nanoparticles are taken up by macrophages mainly through FR-b because of its overexpression in activated macrophages. 29 For HIV-1-infected patients, FR-b is expected to be highly expressed on macrophages because immune cells are activated in infected individuals. 45, 46 Meanwhile, nanoparticles can directly activate macrophages and stimulate FR-b overexpression on the cell membrane of macrophages. 29 Both folate-targeted and nontargeted M3TC formulations can be taken up by macrophages through clathrin-mediated endocytosis. Particles undergo recognition in the blood stream through opsonization; the opsonized particles attach to the cell membrane and are ingested into phagosomes. 47 FA-NM3TC can be internalized by macrophages preferentially through a clathrin-independent pathway through FR-b interaction. This process can facilitate the internalization of the M3TC particles, which can explain the 2-fold difference in cell drug levels after 2 hours of treatment for FA-NM3TC and NM3TC and the enhanced antiretroviral activity of FA-NM3TC compared to NM3TC. Owing to the enhanced cell uptake, FA-NM3TC exhibited greater antiretroviral activity than nontargeted NM3TC as confirmed by HIV-1 RT activity and p24 staining. Greater protection against HIV-1 was observed for the targeted nanoformulation and significant differences remained for 10 days. Equivalent antiretroviral efficacy for both formulations by day 15 could be because most of the drug had been released by then; however, both nanoformulations showed greater antiretroviral efficacy compared to native 3TC.
Our previous work has demonstrated that endolysosomes can be dysregulated by HIV-1 infection through Rab protein expression; endosomes are also sites of active viral assembly, where virions accumulate during productive infection. 32, 33 Endolysosomal pathways are vital to the transport of antimicrobial drugs since they enable the drug particles to relocate at specific sites where virus replicates and is assembled. We investigated the intracellular localization of nontargeted M3TC particles in macrophages. We observed that they predominantly colocalized in late (Rab7) and recycling (Rab11 and 14) endosomes, which demonstrated that NM3TC was taken up and stored in macrophages through the endosomal pathways. M3TC particles contained within endocytic compartments would provide a protected environment to facilitate drug release with sustained antiretroviral efficacy. This not only provides effective drug delivery to HIV action sites for improved therapeutic efficacy but also protects the particles from intracellular degradation.
To determine the PK profiles of NM3TC, we treated the mice with 3TC, M3TC, NM3TC, and FA-NM3TC (equivalent to 50 mg 3TC/kg). Administration of NM3TC and FA-NM3TC led to a marked increase in 3TC plasma concentrations up to 10 days post injection compared to native 3TC. Importantly, the folate-coated M3TC nanoformulation exhibited 2-fold enhanced plasma and tissue 3TC levels compared with the noncoated formulation. After 2 weeks, the plasma 3TC levels for FA-NM3TC were still greater than 3 times higher than the half maximal effective concentration (EC 50 ) of 3TC of ;6.9 ng/mL. These studies also demonstrated that the targeted M3TC particles were more effectively stored in the macrophage depots after injection, as evidenced by their localization in reticuloendothelial tissues and lymph nodes. M3TC nanoparticles can be taken up by monocytes in blood and redistributed during systemic circulation to reticuloendothelial tissues. In macrophages, M3TC can then be gradually released into the endosomal compartments and converted to native 3TC by hydrolases. In vivo M3TC was efficiently converted to 3TC since little M3TC was detected in plasma and tissues. Through binding to the FR on macrophages, more FA-NM3TC particles could be taken up by monocyte/macrophages, distributed into different cellular compartments, and avoid degradation by lysosomes, all of which would explain the higher in vitro uptake and more sustained in vivo plasma and tissue drug levels for FA-NM3TC particles.
In conclusion a hydrophobic 3TC prodrug was successfully synthesized through myristoylation and incorporated into targeted and nontargeted nanocrystalline formulations to improve drug half-life and reduce cytotoxicity. NM3TC exhibited enhanced macrophage uptake and sustained antiretroviral efficacy. FA-NM3TC exhibited improved PK. This novel drug delivery system has shown great potential for clinical application.
